The premise of this review is that apolipoprotein (apo) E4 is much more than a contributing factor to neurodegeneration. ApoE has critical functions in redistributing lipids among CNS cells for normal lipid homeostasis, repairing injured neurons, maintaining synaptodendritic connections, and scavenging toxins. In multiple pathways affecting neuropathology, including Alzheimer's disease, apoE acts directly or in concert with age, head injury, oxidative stress, ischemia, inflammation, and excess amyloid ␤ peptide production to cause neurological disorders, accelerating progression, altering prognosis, or lowering age of onset. We envision that unique structural features of apoE4 are responsible for apoE4-associated neuropathology. Although the structures of apoE2, apoE3, and apoE4 are in dynamic equilibrium, apoE4, which is detrimental in a variety of neurological disorders, is more likely to assume a pathological conformation. Importantly, apoE4 displays domain interaction (an interaction between the N-and C-terminal domains of the protein that results in a compact structure) and molten globule formation (the formation of stable, reactive intermediates with potentially pathological activities). In response to CNS stress or injury, neurons can synthesize apoE. ApoE4 uniquely undergoes neuron-specific proteolysis, resulting in bioactive toxic fragments that enter the cytosol, alter the cytoskeleton, disrupt mitochondrial energy balance, and cause cell death. Our findings suggest potential therapeutic strategies, including the use of ''structure correctors'' to convert apoE4 to an ''apoE3-like'' molecule, protease inhibitors to prevent the generation of toxic apoE4 fragments, and ''mitochondrial protectors'' to prevent cellular energy disruption. mitochondria ͉ neurodegeneration ͉ cytoskeleton ͉ protein folding A polipoprotein (apo) E plays a fundamental role in the maintenance and repair of neurons, but its three isoforms differ in their abilities to accomplish these critical tasks (1-3). ApoE4 is associated with a wide variety of neuropathological processes. We hypothesize that different insults associated with a variety of disorders, in concert with apoE4, can lead to neuropathology. We believe that those processes are mediated by the cellular origin of apoE (astrocytes, neurons, or microglia), the nature of various injurious factors (''second hits''), and the structure of apoE4. Thus, understanding the structure and function of the apoE isoforms will yield new strategies for treating neuropathologies.
A polipoprotein (apo) E plays a fundamental role in the maintenance and repair of neurons, but its three isoforms differ in their abilities to accomplish these critical tasks (1) (2) (3) . ApoE4 is associated with a wide variety of neuropathological processes. We hypothesize that different insults associated with a variety of disorders, in concert with apoE4, can lead to neuropathology. We believe that those processes are mediated by the cellular origin of apoE (astrocytes, neurons, or microglia), the nature of various injurious factors (''second hits''), and the structure of apoE4. Thus, understanding the structure and function of the apoE isoforms will yield new strategies for treating neuropathologies.
Although apoE is involved in many neuropathologies, we will focus on its role in Alzheimer's disease (AD). We will consider the unique structural features that distinguish apoE4 from apoE3 and apoE2, the sites of synthesis and normal roles of apoE in the nervous system, and the pathological roles of apoE4 with or without amyloid ␤ (A␤) peptide. The evidence suggests that apoE4 is considerably more than a simple contributing factor in AD pathogenesis.
ApoE and Neuropathology
ApoE4's involvement in neuropathology is well documented (4, 5) and is the major known genetic risk factor for AD in many populations (6) (7) (8) (9) (10) (11) (12) . In some, 40-80% of patients with AD possess at least one apoE4 allele (12) . Likewise, apoE4 is associated with earlier onset, progression, or severity of head trauma (13) (14) (15) (16) (17) (18) (19) , stroke (20, 21) , complications after coronary artery bypass surgery (22, 23 ), Parkinson's disease (24) (25) (26) (27) , amyotrophic lateral sclerosis (28) (29) (30) (31) (32) , multiple sclerosis (33, 34) , diabetic neuropathy (35) , sleep apnea (36) , Lewy body disorders (37) , and CNS ischemia (38) .
Throughout life and increasing with age, neurons must be remodeled and repaired to maintain synapto-dendritic connections. Through its lipid transport function, apoE is an important factor in these processes. ApoE3 and apoE2 are effective in maintaining and repairing neuronal cells (1, 3, 39) , but apoE4 is much less so. The injurious insults or stressors could include oxidative stress, ischemia, excess A␤ production, SOD1 mutations, inflammation, and the aging process itself.
Impaired cognition in ''normal'' individuals carrying the apoE4 allele worsens with age, suggesting a global detrimental effect on the CNS (40) . ApoE4 is also associated with impaired CNS glucose utilization in normal and AD patients (41) (42) (43) (44) . In both 65-to 75-year-old and 29-to 39-year-old subjects, the apoE4 allele was associated with lower glucose utilization than the apoE3 allele and affected the hippocampus and cortex, the same areas affected by AD (43, 44) . Consistent with these observations, the effect of apoE on mitochondrial metabolism is considered a critical target for cognitive decline in AD (45) (46) (47) .
ApoE and AD
Although apoE4 is strongly linked to AD pathology, its mode of action is unknown. Several mechanisms have been proposed (Table 1) . Through interactions with the A␤ peptide, apoE4 may increase A␤ deposition in plaques and impair its clearance. However, apoE may act through other pathways that may or may not involve A␤ (Fig. 1) .
Insights into the role of apoE in neuropathology have come from studies of transgenic mice expressing human apoE3 or apoE4 in neurons or astrocytes. Features of AD pathology in these animals include reduced numbers of presynaptic terminals in mice expressing apoE4 with (54, 64) or without (53, 66, 68) expression of human amyloid precursor protein (APP), increased plaque deposition in apoE4 mice expressing APP (64), increased phosphorylation of tau (65) (66) (67) , impaired learning and memory (55, 69) , and altered long-term potentiation (77) .
Especially impressive is the impact of apoE4 on memory in transgenic mice lacking endogenous mouse apoE and expressing human apoE in neurons under the control of the neuron-specific enolase (NSE) promoter. NSE-apoE4 mice showed significant learning impairment in a water maze and in vertical exploratory behavior (55, 69) . Susceptibility to these effects was influenced by age and gender. Moreover, morphological studies demonstrated a loss of synapto-dendritic connections at 6 months of age that correlated with the onset of the learning deficits. Working memory was also impaired in transgenic mice expressing apoE4 in astrocytes (62) . Thus, the neuropathological effects of human apoE4 with or without the involvement of A␤ are clearly demonstrated in mice.
Structural Differences Among the ApoE Isoforms
ApoE is a polymorphic 299-aa protein (M r ϭ 34,200) (1-3, 39, 78, 79) . The gene, located on chromosome 19, encodes three alleles: apoE2 (frequency in populations, 5-10%), apoE3 (60-70%), and apoE4 (15-20%). The isoforms differ only at residues 112 and 158. ApoE3 has Cys-112 and Arg-158, whereas apoE4 has arginine at both sites, and apoE2 has cysteines. In apoE2, Cys-158 results in defective receptor binding and type III hyperlipoproteinemia (1) (2) (3) 80) .
Arg-112 in apoE4 mediates two key properties, domain interaction and reduced protein stability or molten globule formation (81, 82) , that likely contribute to apoE4-associated neuropathology. Although the dynamics of apoE2 and apoE3 structure allow them to display these same features to a lesser extent, apoE4 is predisposed to assume the pathological conformation.
ApoE4 Domain Interaction. ApoE has two structural domains: a 22-kDa N-terminal domain (residues 1-191) containing the low-density lipoprotein (LDL) receptor binding site (residues 136-150) and a 10-kDa C-terminal domain (residues 216-299) containing the major lipid binding site (residues Ϸ240-270) (1-3, 39, 78) . In apoE4, but not to the same extent in apoE2 or apoE3, the two domains interact (Fig. 2) (83, 84) . X-ray crystallographic studies indicate that Arg-112 in apoE4 allows the side chain of Arg-61 to extend away from the helical bundle (83) ; the side chain of Arg-61 in apoE3 and apoE2 has a different orientation (tucked between helices 2 and 3) (85). We hypothesized that Arg-61 in apoE4 interacts with Glu-255 in the C-terminal region (81) . Mutating Arg-61 to threonine or Glu-255 to alanine abolished domain interaction (84) . Thus, apoE4 domain interaction may be mediated by ionic binding between Arg-61 and Glu-255. ApoE3 and apoE2 are much less likely to undergo domain interaction.
ApoE4 domain interaction has been demonstrated in cultured cells by fluorescence resonance energy transfer (86) . Mutation of Arg-61 to Thr or Glu-255 to Ala in apoE4 abolished domain interaction. Structural studies demonstrated that, in lipid-free and phospholipid-bound apoE4, the two domains were closer together than in apoE3 and that Arg-61 and Glu-255 were in close proximity (87) .
''Humanizing'' the mouse apoE gene by gene targeting introduces domain interaction and converts mouse apoE from an ''apoE3-like'' to an ''apoE4-like'' functional molecule in a mouse. Mouse apoE contains arginine at a position equivalent to 112 in human apoE4 but lacks Arg-61, which mediates domain interaction. Replacing Thr-61 with arginine introduces domain interaction and allows mouse ''Arg-61'' apoE to behave like human apoE4 (88) .
Domain interaction mediates several neuropathological effects of apoE4, including increases in A␤ production, potentiation of A␤-induced lysosomal leakage and apoptosis, and enhanced proteolytic cleavage in neurons. Inhibiting apoE4 domain interaction with small-molecule ''structure correctors'' represents a new therapeutic strategy.
ApoE4 Molten Globule Formation. Protein instability is an important component of several neurodegenerative disorders (89) . ApoE4 is the least stable isoform. ApoE4 denatures at lower concentrations of guanidine⅐HCl and urea and at lower temperatures (instability: apoE4 Ͼ apoE3 Ͼ apoE2) (82, 90) . Furthermore, the denaturation pattern of apoE4 does not fit a two-state equilibrium (native versus fully unfolded), suggesting that apoE4 exists as a partially folded intermediate or a molten globule. Reactive intermediates have several pathophysiological activities (91, 92) , including altered intradomain interactions, increased lipid and membrane binding, membrane disruption, translocation across membranes, and increased susceptibility to proteolysis. ApoE4 is most likely to form molten globules, but apoE3 tends to do so to a lesser degree. Domain interaction appears to contribute to the instability of apoE4.
Sites of Synthesis in the Nervous System
The brain is second only to the liver in synthesizing apoE (93) , and apoE is synthesized in a variety of cell types in the nervous system (1). The site of origin of apoE undoubtedly affects its function.
Peripheral Nervous System. ApoE is produced in glia surrounding sensory and motor neurons and in nonmyelinating Schwann cells. Resident macrophages and those recruited to injured peripheral nerves secrete large quantities of apoE, which accumulates in the extracellular matrix of the degenerating stump and regenerating nerve (1) . One of the first important links between apoE and neurobiology was the observation that apoE concentration increases 200-fold in an injured rat sciatic nerve (94) (95) (96) and then returns to baseline by 8 weeks when sciatic nerve regeneration is largely complete. Studies of peripheral nerve injury in Apoe Ϫ/Ϫ mice suggested that normal regeneration can occur without apoE (97) . However, careful ultrastructural examination demonstrated a reduced number of axons and defects in their morphology (98) . Other apolipoproteins (apoA-I, apoA-II) abundant in the periphery might act as less effective substitutes. Furthermore, apoE has isoform-specific effects on neurite outgrowth in dorsal root ganglion cells and Neuro-2a cells in culture (48, 49) .
CNS. In the CNS, astrocytes are the major cell type that produces apoE (99, 100) (Fig. 3) . However, CNS neurons express apoE under physiological and pathological conditions (101) (102) (103) (104) (105) (106) (107) (108) (109) (110) . ApoE mRNA is found in cortical and hippocampal neurons in humans (106) and in transgenic mice expressing human apoE under the control of the human apoE promoter (109) . Treatment with kainic acid induces apoE synthesis in hippocampal neurons in rats (111) , and apoE is expressed in neurons in cerebral infarct patients (112) . ApoE synthesis and secretion can be modulated in cultured neurons (110, (113) (114) (115) (116) . ApoE expression in neuronal cells is regulated by the mitogen-activated protein kinase signaling pathways (110) . We have hypothesized that neuronal expression of apoE is induced to promote neuron protection or to repair injured neurons (1-3, 78, 79) . However, apoE4 appears to be less effective in this process; in fact, it becomes pathological because of its susceptibility to intraneuronal proteolysis.
Role of ApoE in the CNS
ApoE plays important roles in neurobiology (1-3, 78, 79) . Its role in the redistribution of lipids among cells throughout the body, including the CNS, is well established (1) (Fig. 3) . ApoE is the major apolipoprotein in the CNS (LDL and apoB are absent) capable of redistributing lipids through the LDL receptorrelated family of receptors. ApoE occurs in the cerebrospinal fluid as small high-density lipoprotein-like particles or phospholipid disks (117) . ApoE-containing lipoproteins can deliver Fig. 3 . Roles of apoE in lipid redistribution among cells in the CNS and apoE isoform-specific differences in neuropathology. ApoE is synthesized by astrocytes, activated microglia, and neurons. Three potential detrimental roles for apoE4: (1) enhanced A␤ production, (2) potentiation of A␤1-42-induced lysosomal leakage and apoptosis, and (3) enhanced neuron-specific proteolysis resulting in translocation of neurotoxic apoE4 fragments in the cytosol, where they are associated with cytoskeletal disruption and mitochondrial dysfunction.
lipids, including cholesterol, to sites of injury for repair of cells. Again, apoE3 (and apoE2) seems more effective in the normal maintenance and repair of cells than apoE4, and apoE4 may be detrimental in the process.
Isoform-specific effects of apoE have been demonstrated on neurite extension in culture systems (48) (49) (50) (51) (52) . In the presence of a source of lipid, apoE3 stimulates neurite outgrowth, whereas apoE4 does not. Astrocyte-derived apoE3, but not apoE4, also caused neurite extension in rat hippocampal neurons (52) . The inhibition of neurite extension by apoE4 appears to be related to alterations in the cytoskeleton, especially an effect on microtubule stability (118) . These effects may be mediated through tau (a microtubulestabilizing protein). ApoE3, but not apoE4, binds to tau in vitro, and may protect tau from hyperphosphorylation, which inhibits tau's ability to stabilize microtubules (56, 57, 65) . The isoform-specific effect on neurite extension is mediated through the apoE receptor binding region and can be blocked by inhibiting LDL receptorrelated protein binding or by removing cell-surface heparan sulfate proteoglycans to disrupt the heparan sulfate proteoglycan͞LDL receptor-related protein pathway (50) .
ApoE4 Neuropathology in the Context of A␤
Effects of ApoE4 on A␤ Clearance and Deposition. Decreased A␤ clearance or increased A␤ deposition has been suggested to play an important role in AD pathogenesis (119, 120) . Both in vitro and in vivo studies demonstrate that apoE4 inhibits A␤ clearance and͞or stimulates A␤ deposition (63, (121) (122) (123) (124) , leading to plaque formation (64, 75) . A recent review summarizes the effects of apoE4 on A␤ clearance and deposition (79) .
ApoE4 Increases A␤ Production. Many studies have focused on the role of apoE in stimulating A␤ deposition or clearance (63, 64, 75, 76) . However, apoE4 also enhances A␤ production; apoE3 does so to a lesser extent (125) . In rat neuroblastoma B103 cells stably transfected with human wild-type APP695, lipid-poor apoE4 stimulated A␤ production 60%, compared with only 30% by apoE3, and robustly stimulated APP recycling as well. The latter effect was inhibited by blocking the LDL receptor-related protein pathway using the receptor-associated protein or LDL receptor-related protein siRNA (125) , suggesting that this pathway is involved in APP recycling and A␤ production.
The unique structure of apoE4 contributed to its ability to enhance A␤ production. Replacing Arg-61 with Thr in apoE4, which abolishes domain interaction, completely inhibited apoE4-mediated stimulation of A␤ production (125) . Excitingly, the apoE4 effect was abolished by treating the apoE4 with small molecules predicted to interact with the N-terminal region of apoE4 (but not apoE3) in the vicinity of Arg-61 and Arg-112 and disrupt domain interaction (125) .
ApoE4 Potentiation of A␤-Induced Lysosomal Leakage and Apoptosis.
A␤ 1-42 causes lysosomal leakage (126) . In cultured Neuro-2a cells, we showed that apoE4 enhances A␤-induced lysosomal leakage and apoptotic cell death to a much greater extent (2-to 4-fold) than apoE3 (74, 127) .
We hypothesized that apoE4, which is more unstable, was more likely to form a reactive intermediate (molten globule) when it reached the acidic pH of late endosomes or lysosomes and assume detrimental activities, including membrane destabilization. To test this possibility, we blocked lysosomal acidification with bafilomycin or NH 4 Cl (127). The enhancement of lysosomal leakage and apoptosis was abolished, suggesting slower formation of the unstable apoE4 intermediates. The activity of apoE3 in the context of A␤ was not affected by neutralization of the lysosomal pH. ApoE4 also altered membrane stability in a model membrane system to a greater extent at pH 4.0 than at pH 7.4 (127).
ApoE4 Neuropathology Independent of A␤ ApoE Cleavage in Neurons.
The induction of apoE synthesis by neurons has been suggested to protect neurons from injury or to promote intraneuronal repair and maintenance of synaptodendritic connections (1-3, 78, 79) . However, when synthesized by neurons, apoE can be cleaved by a protease, and the fragments are detrimental to the repair͞maintenance process (67, 128, 129) . Because of its unique conformation and reactivity, apoE4 is much more susceptible to the proteolysis than apoE3.
Brains of AD patients and transgenic mice expressing apoE in CNS neurons possess C-terminal-truncated fragments (29 and 15-20 kDa) of apoE ( Fig. 5 A-C , which is published as supporting information on the PNAS web site). In mice, the accumulation of apoE4 fragments peaks at 6-7 months of age, coinciding with the appearance of neurodegenerative changes in the brain and significant deficits in learning and memory (129) . A first cleavage site yielded fragments of 29-30 kDa lacking the C-terminal 27 aa. In brains of AD patients and neuron-specific enolase-apoE4 mice, fragments of 15-20 kDa, all of which lacked the C-terminal 27 aa, were also observed.
We have shown that the apoE cleaving enzyme is a neuronspecific, chymotrypsin-like serine protease that cuts apoE at Met-272 and͞or Leu-268. ApoE4 is highly susceptible to proteolysis; apoE3 is less so (128, 129) . Interestingly, interfering with domain interaction by mutating Arg-61 to threonine or Glu-255 to alanine markedly reduces the susceptibility of apoE4 to proteolysis (Fig. 5D) .
From immunocytochemical studies of neurons in culture, apoE appears in a pattern indicative of the endoplasmic reticulum (ER) and Golgi apparatus (as would be expected for a secretory protein) (130) . However, undetectable amounts of full-length apoE3 or apoE4 may enter the cytosol. In contrast, expression of apoE4(1-272) in neurons has several effects: neurotoxicity, translocation of the fragments into the cytosol, and accumulation of the fragments in filamentous cytoplasmic structures (phosphorylated tau and neurofibrillary tangle-like structures) and in mitochondria.
Neurotoxicity. We identified the structural features and domains of apoE responsible for its neurotoxicity. The conformation of the C terminus is a key element. ApoE4(1-272) is toxic to cultured neurons (67, 130) (Fig. 4) and causes neurodegenerative changes and neurofibrillary tangle-like structures in CNS neurons in the hippocampus and cortical regions in transgenic mice (128). However, expression of an apoE4 fragment lacking both the C-terminal 27 aa and the lipid binding region [apoE4(⌬241-299)] in mice (128) did not result in neurodegeneration. Thus, only fragments generated by the apoE cleaving enzyme cause neuropathology.
In Neuro-2a cells, apoE4(127-272) is also neurotoxic (Fig. 4) . It contains both the positively charged receptor binding region (amino acids [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] and the hydrophobic lipid binding region (amino acids 240-270). Mutagenesis of four conserved residues in the lipid binding region or three conserved positively charged residues in the receptor binding region abolished the neurotoxicity of apoE4 . Furthermore, apoE4(171-272), which lacks the receptor binding region, was not neurotoxic (130) . Interestingly, although full-length apoE4 is not neurotoxic, mutation of one of three highly conserved C-terminal residues converts it to a neurotoxic form (Fig. 4) .
Translocation into the Cytosol. Neurotoxicity correlated with the ability of the apoE fragments to enter the cytosol, where they interacted with the cytoskeleton or mitochondria (Fig. 4) . ApoE4 could escape the secretory pathway by translocating through the ribosome-membrane junction during protein synthesis, being proteolytically clipped, and then entering the cytosol. Alternatively, apoE4 or the apoE4 fragment within the ER͞Golgi compartment may assume a conformation conducive to membrane translocation. Two structural domains are important in membrane-penetrating proteins: a positively charged region enriched in arginine, lysine, and histidine and a protein transduction domain enriched in hydrophobic residues. ApoE has both a positively charged receptor binding region (residues 136-150) and a hydrophobic lipid binding region (residues 240-270) (Fig. 4) .
Several membrane-penetrating proteins have been identified (131) (132) (133) (134) . For example, Tat released from HIV-1-infected cells can be taken up by neighboring cells and ultimately enter the cytosol (135, 136) . The VP22 structural protein of herpes simplex virus closely resembles apoE in several ways. It is of similar size (38 kDa), enters the cytosol, and binds to cytoskeletal elements (microtubules and microfilaments) (137, 138) . Interestingly, the protein-transduction domain of Tat has been used to deliver peptides, proteins, and oligodeoxynucleotides to cells (134, 139, 140) , and the receptor binding region of apoE has also been used to deliver oligodeoxynucleotides to cells (141, 142) .
Cell-penetrating peptides have common structural features in their protein-transduction domains (131) (132) (133) (134) (Table 2 , which is published as supporting information on the PNAS web site). The positively charged receptor binding region and the hydrophobic lipid binding region of apoE are required for apoE4(1-272) and apoE4 to enter the cytosol (130) . Mutations of three positive residues in the receptor binding region or four residues in the hydrophobic lipid binding region prevent apoE4(1-272) from entering the cytosol (Fig. 4). Although apoE4(1-191) , which lacks the lipid binding region, enters the cytosol, efficient translocation likely requires both the receptor and lipid binding regions.
Mitochondrial Binding. Mitochondrial dysfunction was described in patients with AD, especially in those with the apoE4 genotype (143) . Previously, we showed that apoE avidly binds to the ␣-and ␤-subunits of mitochondrial F1-ATPase (144), suggesting a possible role for apoE in intracellular transport within or between cell organelles. More recently, when we expressed apoE4 in Neuro-2a cells, it localized to the mitochondria (130) (Fig. 4) . Because translocation across the membrane required the receptor and lipid binding regions, this is most likely the smallest fragment to translocate and associate with mitochondria. Fragments lacking the signal peptide and causing them to enter the cytosol were examined. The mitochondrial binding (Fig. 4) (130) .
The disruption of the electropotential of the mitochondria by the apoE fragments in cultured neurons may affect neuronal function in several ways. Mitochondria play a critical role in synaptogenesis (145) , and apoE4 expression in mice results in a significant loss of synapto-dendritic connections within the brain (53) .
In addition, the apoE fragment associated with the mitochondria may induce the mitochondrial-apoptotic pathway. ApoE4 potentiated staurosporine-and H 2 O 2 -induced apoptosis in cultured neurons, and apoE3 protected the cells from DNA fragmentation (74) . On the other hand, apoE4-associated neuropathology may occur through a disruption of mitochondrial regulation of energy and glucose metabolism in neurons. Association of apoE4 genotype with altered CNS glucose metabolism has been demonstrated in both normal and AD patients (41) (42) (43) (44) . Even in young subjects with no signs of dementia and unlikely to possess A␤ deposits, apoE4 is associated with reduced neuronal glucose utilization, reflecting altered mitochondrial activity.
The apoE fragment could also disrupt mitochondrial trafficking, resulting in failure to deliver these organelles to appropriate sites in neurons and causing energy depletion and disruption of calcium homeostasis (reviewed in ref. 146) . The disruption of microtubules in cultured neurons by apoE4 may accentuate the mitochondrial dysfunction, or the mitochondrial dysfunction may in part cause the cytoskeletal abnormality observed with apoE4. The association of apoE4 with hyperphosphorylation of tau (129) and the occurrence of neurofibrillary tangle-like structures in neurons (67) could result in an abnormal distribution of mitochondria in neurons.
We do not know how the apoE fragments are transferred to the mitochondria or how they associate with the mitochondria. The unique lipid composition of mitochondria could enable the apoE fragments to bind directly through a hydrophobic lipid interaction. Alternatively, the fragments may interact with cytoplasmic factors (chaperones) that target the apoE to the import channels (147, 148) . Alternatively, apoE may undergo proteolytic cleavage in the ER and translocate by lateral diffusion through mitochondrionassociated ER membranes that exist transiently to allow proteins to move between the ER and the mitochondria (149, 150) . The hepatitis C virus core protein synthesized in the ER of HeLa cells is targeted to the mitochondria (after it is processed by a peptidase) along such membranes (151) .
We hypothesize that mitochondrial and cytoskeletal alterations caused by apoE4 fragments are a key mechanism for the A␤-independent neuropathology involving apoE4. Our observations suggest several therapeutic approaches. An inhibitor of the protease could prevent the generation of the detrimental apoE fragments. Alternatively, a small molecule that could enter the ER and alter apoE4 conformation to prevent domain interaction and molten globule formation may reduce the affinity of apoE for the protease. Blocking the interaction of the apoE4 fragments with the mitochondria could prevent the detrimental effects on mitochondrial function, and increasing the number and activity of neuronal mitochondria might negate some of the neuropathological effects of apoE4. Consistent with our data related to apoE and mitochondrial damage (46) , treatment of AD patients with rosiglitazone maleate, an insulin sensitizer and mitochondrial stimulator, appears to attenuate the rapid loss of cognitive function in apoE4 patients and to improve cognition in those without apoE4 (45) . Based on these data and the studies of apoE fragments, the mitochondrial metabolism hypothesis, proposed by Roses and Saunders, opens the door for new therapeutic approaches for AD (see ref. 47 for a review of mitochondrial energetics and the mitochondrial hypothesis) in combination with other ways to negate the detrimental effects of apoE4.
ApoE4 Effects on Tau Phosphorylation. ApoE3 and apoE4 appear to differ in their effects on the phosphorylation and aggregation of tau, which is independent of A␤. In vitro, apoE3 forms an SDS-stable complex with tau in a 1:1 ratio, whereas apoE4 does not interact significantly (56) . Phosphorylation of tau by a crude brain extract inhibited the interaction of apoE3 with tau (56), suggesting that apoE3 binds to nonphosphorylated tau. Furthermore, the N-terminal domain of apoE3 is responsible for irreversibly binding to tau through the microtubule-binding repeat regions (56, 152) . Increased phosphorylation of tau has been observed in transgenic mice expressing human apoE4 in neurons but not in mice expressing apoE4 in astrocytes (65, 66, 129) . Thus, apoE4 may have a neuron-specific effect on tau phosphorylation. Our studies suggest that C-terminal-truncated apoE stimulates tau phosphorylation and intracellular neurofibrillary tangle-like inclusion formation in transgenic mice (128) .
New Therapeutic Approaches: Small Molecules to Block Domain Interaction
Using the DOCK screening program (153-157), we identified 65 small molecules that were predicted to bind preferentially to apoE4. Nine inhibited the preferential binding of apoE4 to emulsion particles, an assay for domain interaction, and converted apoE4 to an apoE3-like molecule (125) . Two compounds, GIND-25, a disulfonate, and GIND-105, a monosulfoalkyl, decreased A␤ production induced by apoE4 to levels very similar to those induced by apoE3 (Fig. 6 , which is published as supporting information on the PNAS web site).
We have demonstrated that inhibiting apoE4 domain interaction, and presumably altering its conformation, can modulate its neuropathologic activity. Disruption of the intramolecular interaction within apoE4 and its conformation represents a reasonable therapeutic strategy. Recently, small molecules were shown to bind to the hepatitis C virus polymerase and inhibit RNA synthesis by altering intramolecular structure (158) . Furthermore, small molecules correct the phenylalanine deletion mutation (⌬F508) in the cystic fibrosis transmembrane conductance regulator chloride channel, which is the common cause of cystic fibrosis (159) . Small molecules increase halide flux across membranes in the ⌬F508-transfected cells and increase plasma membrane expression of the regulator, suggesting improved folding in the ER and stability on the cell surface.
Small molecules can also stabilize transthyretin homotetramers, reducing their susceptibility to misfold and form monomeric transthyretin that undergoes amyloidogenesis (160) . Further proof-of-concept, suggesting that alteration in protein conformation within cells in vitro and in vivo may be a valid approach to alter protein function, comes from studies of Fabry disease (161, 162) . A recent review summarizes the use of small molecules to modulate the structure and function of various proteins of biological importance (163) .
We asked whether apoE4 with Thr-61, which prevents domain interaction, or the small molecules that block domain interaction could prevent the apoE4 potentiation of A␤-induced lysosomal leakage and apoptosis. The answer was yes. Both the mutant apoE4 and several small molecules identified by DOCK screening did just that (Z.-S. Ji, Y.H., and R.W.M., unpublished data).
Conclusions
Increasing evidence points to an important role for apoE4 in neurodegeneration in general and AD in particular. ApoE4 is more than a susceptibility factor for AD. Like A␤ and other molecules, it is a causative agent. The deceptively small differences between the isoforms cause significant differences in structure and ultimately function. In fact, the continuum represented by the structural equilibrium of the three isoforms is consistent with the continuum of the incidence of AD. ApoE3 assumes the pathological conformation less readily, and fewer individuals with two apoE3 alleles develop AD. ApoE4 more readily assumes the pathological conformations (domain interaction and molten globule formation), and individuals with one or two apoE4 alleles are at much greater risk for AD.
The structural features of apoE4 also suggest excellent therapeutic strategies that are amenable to testing. Agents capable of converting apoE4 to an apoE3-like molecule (structure ''correctors''), blocking apoE4 proteolytic processing (protease ''inhibitors''), or preventing mitochondrial dysfunction (mitochondrial ''protectors'') offer promise of reducing or eliminating the detrimental effects of apoE.
